Carbapenem-resistant Enterobacteriaceae (CRE) has been considered a serious global threat, but carbapenem resistance remains relatively uncommon in E. cloacae, especially in China. The aim of this study was to characterize carbapenem-resistant E. cloacae (CR-ECL) isolates from 2012 to 2016 in Southwest China. Our study revealed that 20 (15.2%) of the 132 CR-ECL isolates obtained from patients were identified as NDM-1, with most isolates carrying the IncFIIA plasmids. Notably, we initially observed that the E. cloacae strain co-harbored NDM-1 and IMP-8 carbapenemases simultaneously. Analysis of the genetic environment of these two genes has revealed that the highly conserved regions (bla NDM−1 -ble MBL -trpF-tat) are associated with the dissemination of NDM-1, while IS26, intI1, and tniC could be involved in the spread of IMP-8. Molecular epidemiology studies showed the nosocomial outbreak caused by NDM-1-producing E. cloacae ST88. Transferring from another hospital and previous carbapenem exposure were identified as independent risk factors for the acquisition of NDM-1-producing E. cloacae. These findings emphasize the need for intensive surveillance and precautions to monitor the further spread of NDM-1 in China.
INTRODUCTION
As the utility of carbapenem has increased worldwide over the last decade, the emergence and dissemination of carbapenem-resistant Enterobacteriaceae (CRE) have become worsening situations (Cornaglia et al., 2011) . Recent surveillance data from the United States, Europe, and South Asia has observed a high resistance rate in CRE, among which Klebsiella pneumoniae and Escherichia coli were the most prevalent (Nordmann et al., 2009; Pollett et al., 2014; Hsu et al., 2017) . Similar results were obtained from the CHINET surveillance system, which showed that carbapenem-resistant K. pneumoniae (CRKP) appeared to be most common in China and increased rapidly from 9.4% in 2011 to 15.6% in 2015 (Tian et al., 2016) . Unexpectedly, however, surveys released by the Chongqing Resistance Monitoring Network (CQRMN) found that the rate of carbapenem resistance showed the highest in E. cloacae among CRE isolates during the period 2011-2015, while resistance rates for K. pneumoniae and E. coli remained relatively stable and had an average of 2.4 and 1.4%, respectively, compared to 7.8% for E. cloacae (Figure 1) . Therefore, investigating carbapenem-resistant E. cloacae is of utmost importance for therapy and control in our region.
In China, the first CR-ECL was a KPC-producing strain isolated from Shanghai in 2010 (Wu et al., 2010) . Later, carbapenemases IMP, VIM, and, recently, NDM have been reported in clinical E. cloacae isolates from different geographical regions (Dai et al., 2013; Yang et al., 2014; Liu et al., 2015) , among which NDM-1 should be especially worrisome as the gene encoding this enzyme is often located on mobile genetic elements that can be easily transferred between different species (Rasheed et al., 2013) . To date, there have been few studies of outbreak due to NDM-1 producing E. cloacae (Stoesser et al., 2015; Mahida et al., 2017) ; however, to the best of our knowledge, there are no previous studies of nosocomial outbreaks with E. cloacae that produce NDM-1 in China. More importantly, strains coproducing various carbapenemases are worth being concerned about, since these bacteria may confer a higher-level resistance to carbapenem that further reduces the therapeutic choices. To date, there has been no report of clinical E. cloacae strains simultaneously producing NDM-1 and IMP-8 carbapenemases, and knowledge gaps regarding the genetic context and plasmid characterization of these isolates remain. Additionally, the risk factors and clinical outcomes of nosocomial patients with NDM-1 producing E. cloacae have not been systematically evaluated.
Therefore, the objectives of this study were the following: (i) to describe the prevalence of clinical CR-ECL isolates collected successively for approximately 4 years, (ii) to identify the mechanisms and clonal relatedness among these CR-ECL strains, (iii) to report the first outbreak of NDM-1 producing E. cloacae in China, (iv) to examine the genetic context of NDM-1 and and (v) to evaluate the risk factors and clinical outcomes of NDM-1 positive E. cloacae infections in hospitalized patients.
MATERIALS AND METHODS

Study Setting and Bacterial Strains
This retrospective study was performed in a 3,200-bed tertiary university-affiliated hospital and associated two branch hospitals located in Southwest China. Between March 2012 and 2016, 1,146 clinical E. cloacae strains were collected in these hospitals. We chose the first isolate from the patient and excluded duplicate isolates from the same patient. All isolates were identified at the species level and routine antimicrobial susceptibility testing was performed by using the VITEK2 compact or VITEK MS (bioMerieux, Hazelwood, MO, United States) automated system. The isolates were collected by the rapid freezing method and stored at −80 • C for further analysis. Isolates were included in the study if they were resistant to at least one of the carbapenems by the broth microdilution method, with the criteria of MICs of ≥ 2 µg/mL for ertapenem, ≥ 4 µg/mL for imipenem, or ≥ 4 µg/mL for meropenem. For research involving biohazards, the standard biosecurity or institutional safety procedures have been carried out.
Antimicrobial Susceptibility Testing
All isolates were tested for antibiotic susceptibility to ceftazidime (CAZ), ceftriaxone (CRO), cefepime (FEP), gentamicin (GM), tobramycin (TOB), ciprofloxacin (CIP), and levofloxacin (LEV) by using AST GN13 cards on the VITEK2 compact system. MICs of ertapenem (ETP), imipenem (IPM), meropenem (MEM), colistin (CS), and tigecycline (TGC) were determined using the broth microdilution method, and results were interpreted according to the CLSI M100-S25 interpretive criteria [Clinical and Laboratory Standards Institute [CLSI], 2015] . E. cloacae ATCC 13847 was used as the quality control strain for susceptibility testing. MIC 50 , MIC 90 , and the MIC range of each tested agent were also analyzed in our study.
Detection of Antibiotic-Resistant Genes, Expression of Outer Membrane Proteins, and Activity of the Efflux Pump
The PCR was performed to detect for the presence of carbapenemase-related genes, including bla KPC , bla NDM , bla VIM , bla IMP , bla SME , and bla OXA−48 , and sequencing was used to confirm the variants of these carbapenemase genes. Moreover, ESBLs, AmpC, resistant genes for aminoglycosides and fluoroquinolones, ompF and ompC genes were also determined by using primers as described previously (Doumith et al., 2009; Zhang et al., 2014) . Additionally, the levels of expression of porin-encoding genes were determined from mRNA levels by real-time reverse transcription (RT)-PCR according to the previously described protocols (Bustin et al., 2009) . The activity of the efflux pump was examined by comparing the MICs to ertapenem among resistant isolates in the presence and absence of carbonyl cyanide m-chlorophenylhydrazone (CCCP) as an efflux pump inhibitor (Chollet et al., 2004) . A twofold decrease in MIC after the addition of CCCP was considered positive results. Plates containing CCCP but no carbapenem were used as controls.
Conjugation, Transformation, and Plasmid Analysis
To assess whether the carbapenemase-producing genes were located on the plasmids and to assess the transferability of these genes, the co-producing bla NDM−1 and bla IMP−8 strains (ECL-86) were conducted by conjugation with E. coli EC600 and by transformation with E. coli DH5α. For conjugative assays, transconjugants were selected on Mueller-Hinton agar plates supplemented with a combination of 8 mg/L ampicillin and 256 mg/L rifampicin. For transformative assays, transformants were selected on Mueller-Hinton agar plates containing 64 mg/L ampicillin. The transconjugants and transformants were tested for antimicrobial susceptibility by the VITEK2 compact system, and they confirmed the presence of resistance determinants by PCR. In addition, all NDM-1-encoding plasmids were characterized for the incompatibility groups by using the PCR-based replicon typing method described previously (Carattoli et al., 2005) .
Genetic Environments of NDM-1-Carrying Plasmids and IMP-8-Carrying Plasmids
To investigate the genetic contests in the NDM-1 and IMP-8, we selected 14 representative strains producing single NDM-1 (according to the DiversiLab's patterns) and one strain co-producing NDM-1and IMP-8 to perform PCR mapping and sequencing in our study. The genetic environment surrounding NDM-1 was established by PCR mapping and subsequent sequencing of the flanking regions. Moreover, we also performed PCR mapping to elucidate the genetic structures of NDM-1 and IMP-8 in E. cloacae ECL-86. PCR amplicons were sequenced and the DNA sequences obtained were compared to those available in the NCBI GenBank database.
Molecular Epidemiological Study
The clonal relationships of isolates harboring the carbapenemaserelated genes were further determined by repetitive sequence-based PCR (rep-PCR) typing using the DiversiLab system. Isolates with ≥ 95% similarity were considered of the same rep-PCR type. Multilocus sequence typing (MLST) was performed using amplification of internal fragments of the seven housekeeping genes of carbapenemase-producing E. cloacae isolates according to the MLST 1 website.
Risk Factors and Clinical Outcomes of NDM-1-Producing E. cloacae Isolates
We conducted a retrospective case-control study to evaluate the risk factors and clinical outcomes for the isolation of NDM-1-producing E. cloacae. All patients with clinically obtained NDM-1-positive CR-ECL isolates were included as cases. Controls were identified as patients without NDM-1 producers and excluded if isolates harbored other carbapenemase genes, such as KPC-2, IMP-4, and IMP-8. Clinical and epidemiological data were retrieved from the medical record and clinical microbiology laboratory databases included the following parameters: demographics, underlying diseases and primary admission diagnosis, invasive devices prior to the isolation of NDM-1-producing E. cloacae,
Statistical Analysis
All analyses were performed using SPSS v.22.0 software (SPSS Inc., Chicago, IL, United States). Univariate analyses were performed separately for each of the variables. Categorical variables were calculated using a chi-square test or Fisher's exact test as appropriate. Continuous variables were calculated using Student's t-test (normally distributed variables) and Wilcoxon rank-sum test (non-normally distributed variables) as appropriate. The odds ratio (OR) and 95% confidence interval (CI) were calculated to evaluate the strength of any association. All variables with a P-value of ≤ 0.10 in the univariate analyses were considered for inclusion in the multivariate logistic regression model. For all calculations, statistical significance was defined at P < 0.05 for the two-tailed tests.
Ethical Considerations
The data and the samples analyzed in the present study were obtained in accordance with the standards and approved by the Chongqing Medical University Institutional Review Board and Biomedical Ethics Committee. For this study, samples were collected at the Microbiology Laboratory of our hospital, with no contact with the patient. This study was retrospective and there was no patient identification performed during data collection. Therefore, the Ethics Committee determined that informed consent was not required.
RESULTS
General Characteristics and Antimicrobial Susceptibility of CR-ECL Isolates
During the investigation period, a total of 138 strains were identified to be resistant to at least one of the carbapenems and met the study criteria for CR-ECL. These non-duplicated isolates were mainly cultured from urine (n = 55), followed by the respiratory tract (n = 32), wound secretion (n = 28), and blood (n = 21). As shown in Table 1 , all CR-ECL isolates were observed in ertapenem resistance, with 60.3% of the strains still performing susceptible to meropenem and imipenem, respectively. In addition, the resistance rate to cephalosporins was relatively high in general. Of these isolates, over half of the CR-ECL strains exhibited resistance to the aminoglycoside and fluoroquinolone agents tested. However, the highest susceptibility rates to the tested antibiotics were to tigecycline (87.7%) and colistin (76.8%). Compared to carbapenemase-negative isolates, our results showed that resistance was a significantly greater proportion of E. cloacae isolates that were carbapenemase-positive for most tested agents, including imipenem, meropenem, cefepime, ciprofloxacin, levofloxacin, gentamycin, and tobramycin. Notably, 65.9% (91/138) of CR-ECL isolates were identified to be MDR as they were resistant to three or more classes of antimicrobial agents. Data are number resistant (% of resistance rates). P-value for comparisons of the resistance rates of carbapenemase-positive and carbapenemase-negative groups. Bold face indicates values that are significant (P < 0.05). R, resistance. 
Genotypic Distribution in CR-ECL Isolates
Molecular Analysis of Resistance Mechanisms
As shown in Table 2 , all NDM-1-producing strains were resistant to three carbapenem agents, and the MIC range of these isolates was much higher than that of the isolates that carried other carbapenemases. Moreover, approximately half of the carbapenemase-positive isolates with a combination of NDM-1 and porin loss along with an active efflux pump showed the highest MICs of ertapenem, imipenem, and meropenem, while IMP-4, IMP-8, or KPC-2 producers exhibited varied carbapenem MICs. Compared to carbapenemasepositive strains, the remaining 111 isolates showed lost or decreased expression of outer membrane porins, and these isolates were often accompanied by a high prevalence of ESBL (84/111), AmpC (93/111), and efflux pump (80/111). Thus, the resistance mechanism of carbapenemase-negative isolates could be attributed to the productions of ESBL or AmpC enzymes coupled with the efflux pump and porin loss.
Plasmid Analysis
As shown in Table 3 , all of the transconjugants and transformants exhibited multidrug resistance phenotypes similar to those of the donor strain with reduced susceptibility to the tested carbapenems and cephalosporins, but remained susceptible to colistin and tigecycline. PCR assays confirmed that bla NDM−1 along with bla CTX−M−9 , aac(6 )-Ib-cr and aac(6 )-Ib were successfully transferred by both conjugation and transformation, however, bla IMP−8 , TEM, and qnrS were only obtained via the transformation assay. Compared to transconjugants, transformants containing two carbapenemase genes showed a twofold increase in the MIC values for ertapenem and imipenem. Although both transformants and transconjugants exhibited susceptibility to quinolones and aminoglycosides, the MICs of ciprofloxacin and levofloxacin for the transformants were four-and eightfold higher than those for the transconjugants, possibly due to the transformants containing qnrS. PCR-based replicon typing revealed that NDM-1 plasmids belonged to the incompatibility groups IncFIIA (n = 7), IncFIA (n = 3), IncN (n = 3), IncA/C (n = 2), and IncP (n = 1).
Characterization of the Genetic Environment of NDM-1 and IMP-8
For NDM-1, 15 NDM-1-producing strains could be divided into five different types (A-E) based on the analysis of genetic structures, among which type E was the most predominant (n = 7), followed by type D (n = 4), type A (n = 2), type B (n = 1), and type C (n = 1). Type A had a partial insertion sequence, IS5, truncating the ISAba125 upstream of the bla NDM−1 gene and followed by the ble MBL (bleomycin resistance gene), the trpF, the tat, and the truncated dct genes. Type B harbored similar structures as type A, but it accompanied an intact IS5 element and a complete deletion of dct gene. Type C presented as a truncated For IMP-8, the genetic structure identified from CR-ECL86 was similar to the one previously reported in Klebsiella oxytoca plasmids pFP10-2 (GenBank Accession No. KF732966) from China. The bla IMP−8 gene in CR-ECL86 was preceded by a recombination site (attI1) and followed by an aminoglycoside acetyltransferase gene (aacA4) and a truncated transposase gene ( tniC). A class 1 integron (Intl1), located upstream of the bla IMP−8 gene in this isolate, was truncated due to the insertion of IS26. Compared to pFP10-2, the IS26 insertion in CR-ECL86 shared identical gene cassettes except for the missing left-inverted repeat sequence (LRR) in the 5 -conserved region (Figure 2) .
Risk Factors and Clinical Outcomes of NDM-1-Producing E. cloacae
To further clarify the risk factors and clinical outcomes for patients with NDM-1-producing E. cloacae infection, 20 NDM-1-positive E. cloacae cases were matched to 111 NDM-1-negative controls ( Table 4 ). In the univariate analysis, patients with acquisition of NDM-1-positive E. cloacae were significantly more frequent in elderly, transferring from another hospital, some underlying diseases, and previous cephalosporins and carbapenem exposure (P < 0.05). In the multivariate analysis, transferring from another hospital (OR: 4.82, 95% CI: 1.14-20.35, P = 0.033) and previous carbapenem exposure (OR: 7.00, 95% CI: 1.86-26.33, P = 0.004) were identified as independent risk factors. For clinical outcomes, we found that the total length of hospital stay and functional status deterioration were significantly more frequent in patients with NDM-1 isolates. 
Frontiers in Microbiology | www.frontiersin.org For in-hospital mortality, 4 (20.0%) patients infected with NDM-1 and 8 (7.2%) patients infected without NDM-1 died. However, there was no statistical significance between the cases and the controls with respect to in-hospital mortality.
Molecular Epidemiology of CP-ECL Isolates
The 27 carbapenemase-producing E. cloacae isolates belonging to 20 different clusters are shown in Figure 3 . Of these, the main cluster (cluster 1), showing four NDM-1-carrying E. cloacae strains, was isolated from the respiratory department between February and March in 2015. Four smaller clusters (cluster 4, 5, 18, and 20) represented two IMP-8 isolates, two IMP-4 isolates, and four NDM-1 isolates, respectively, but these strains were collected in different wards. MLST typing revealed that ST88 was the most common among CP-ECL isolates (9/27, 33.3%), followed by ST93 (5/27, 18.5%), ST97 (3/27, 11.1%), ST78 (2/27, 7.4%), and ST592 (2/27, 7.4%).
Description of the Outbreak Caused by NDM-1-Producing E. cloacae Strains
This outbreak involved four E. cloacae isolates retrieved from four hospitalized patients aged 51-94 years between February and March in 2015. Three of these four patients, who developed complications of respiratory failure and severe pneumonia, had been transferred from a secondary hospital to the respiratory unit in our setting. Strain ECL-87 was isolated from patient A on February 25, 2015, which could be the first of the outbreak NDM-1-producing isolates. Over the following 17 days, another three isolates (ECL-89, ECL-92, and ECL-93) were retrieved from three patients (patient B, C, and D) in the same department, having an average of a new NDM-1-producing E. cloacae infection emerging approximately every 5.6 days. In addition to the isolation of E. cloacae, multiple species of bacteria (including Acinetobacter baumannii, E. coli, and Pseudomonas aeruginosa) were recovered from the wound secretion, sputum, and drainage fluid of patients A and B. Additionally, all of the patients underwent a series of antimicrobial treatment and some invasive procedures. During the outbreak, patients A and C stopped further treatment with unimproved symptoms, and patient B died because of multiple organ dysfunction. The timeline of the outbreak investigation is illustrated in Figure 4 .
Nucleotide Sequence Accession Number
The sequence described in this paper has been submitted to GenBank under the Accession No. MH087224 (E. cloacae isolate CQECL-100). 
DISCUSSION
In light of carbapenem resistant E. cloacae being widely distributed and showing the highest resistant rate among CRE in Southwest China, which was substantially different from other CRE studies in South Asia, the United States, and Europe (Nordmann et al., 2009; Pollett et al., 2014; Hsu et al., 2017) , the issue of carbapenem resistant E. cloacae in our region deserved special concern. In this work, we have found some particularly noteworthy findings. First, our results revealed that the main mechanism of CR-ECL isolates collected in this study could be attributed to the productions of ESBL, AmpC enzymes coupled with the efflux pump and porin loss. Notably, the high prevalence (74%) of NDM-1-producing E. cloacae was observed among the CP-ECL isolates, with the annual increasing tendency during the study period. Previous studies have showed the emergence and spread of NDM-1-producing E. cloacae isolates in China, with most isolates carrying on the IncX3 and IncA/C plasmids (Yang et al., 2015) . However, we reported the high prevalence of IncFIIA plasmids carrying NDM-1 (55%) in our region, revealing that this type of plasmids could be further disseminated in China. Second, of the NDM-1 producers detected in our study, four isolates from the respiratory department showed the identical DiversiLab pattern, belonged to the same clone ST88 and displayed the same IncFIIA plasmids, providing evidence that the outbreak has emerged in our hospital. One possible source of this outbreak might be that patient A was exposed to a patient infected with NDM-1 in another hospital before the admission to our hospital. This alternative possibility may have contributed to the transmission from another unidentified colonized patient who has been discharged in the same department before the identification of these patients. To the best of our knowledge, this is the first report of a nosocomial outbreak of NDM-1-producing E. cloacae ST88. Most previous studies appeared to be restricted to report the sporadic cases of E. cloacae isolates harboring NDM-1, with diverse clones from geographic regions such as ST92 in Croatia, ST265 in Australia, and ST90, ST93, ST120, and ST177 in China (Atalić et al., 2014; Wailan et al., 2015) . ST88, a globally distributed resistant clone belonging to clonal complex 23, was the most frequent ST found in E. cloacae isolates possessing NDM-1 in our study. The outbreak of this sequence type may provide a new model for the spread of the bla NDM−1 -haboring CRE in China and should be of great concern.
Third, we reported for the first time the emergence of E. cloacae strain co-producing NDM-1 and IMP-8, which was isolated from a patient with urinary tract infection. This isolate showed highly resistance to many antibiotics, but remained susceptible to tigecycline and colistin. Moreover, the transmission assays of these two carbapenemase genes revealed that both NDM-1 and IMP-8 were located on separate IncP plasmids, suggesting two plasmids containing IncP replicons might be compatible in a single strain. Of greater interest was that all NDM-1 producers carried the highly conserved regions (bla NDM−1 -ble MBL -trpF-tat) surrounding the bla NDM−1 gene, which were similar to that found in various NDM-1-harboring plasmids, including K. pneumoniae from Australia, Acinetobacter lwoffii from China, and E. cloacae from Australia (Wailan et al., 2015 (Wailan et al., , 2016 . This finding suggested that the transmission of NDM-1 could be widely spread among different bacterial species and geographic regions. In addition, although several reports on IMP-producing E. cloacae have emerged in recent years, the genetic elements with respect to bla IMP−8 in this species are still missing. Our results demonstrated that the genetic environment of this species was similar to the previous report found in K. oxytoca from China (Li et al., 2011) , with the exception of missing a left-inverted repeat sequence in the 5 -conserved region. It should be noted that the transposon elements IS26, intI1, and tniC could facilitate the mobilization of IMP-8. Considering that the strain coproducing NDM-1 and IMP-8 may confer a higher-level resistance to multiple antibiotics that further reduce the therapeutic choices, surveillance for carbapenemase detection and infection control measures should be implemented to prevent their further spread.
Fourth, we initially performed a retrospective analysis to assess clinical predictors and outcomes for NDM-1-producing E. cloacae. Compared to previous studies, our results demonstrated that transferring from another hospital was an independent risk factor associated with the acquisition of NDM-1-producing E. cloacae. One possible explanation may be that these patients could have poor functional status and severe clinical symptoms which placed them at a greater risk for the infection caused by NDM-1-producing E. cloacae. Furthermore, few laboratories in Chinese secondary hospitals regularly conducted testing for CRE resistance mechanisms, especially for certain novel carbapenemases, such as NDM-1. Therefore, patients infected or colonized with NDM-1 could be the source of the horizontal transmission in different hospital environments. In addition, our study identified carbapenem exposure was a risk factor for case patients, in agreement with previous reports on the assessment of CRE (Fukuda et al., 2008; Hyle et al., 2010) .
Receipt of these agents could potentially produce a disruption in gastrointestinal flora and accelerate bacterial colonization, emphasizing the important role of antimicrobial stewardship in controlling NDM-1 transmission. For clinical outcomes, patients infected with NDM-1 were at a higher risk, in general, of poor outcomes than those without NDM-1. However, our results unexpectedly revealed that no statistical significance was observed in in-hospital mortality, probably due to the limited number of NDM-1-positive cases in our study.
In summary, this present study revealed the high prevalence of NDM-1 among carbapenem resistant E. cloacae in Southwest China. We initially reported the nosocomial outbreak caused by NDM-1-producing E. cloacae ST88, as well as the co-production of NDM-1 and IMP-8 in a single E. cloacae isolate. We also identified independent risk factors for the acquisition of NDM-1-producing E. cloacae, and our findings highlight an urgent need to develop effective measures to prevent and control the further spread of NDM-1 in China.
